The amnion muscle combined graft (AMCG) conduits showed good clinical results in peripheral nerves gap repair. It combines the human amniotic membrane with autologous skeletal muscle fibres. These results seem attributable to the biological characteristics of human amniotic membrane: Pluripotency, anti-inflammatory and low immunogenicity.We here evaluate the final outcome of nerve regeneration morphologically and functionally, across the AMCG compared to nerve autograft. Fourteen Wistar rats were divided into two groups: In Group A, including 6 rats, the left forelimb was treated performing a 1.5 cm length gap on median nerve that was then reconstructed with a reverse autograft. In Group B, including 8 rats, the gap was reconstructed with AMCG. Functional results were evaluated at 30, 60 and 90 days performing grasping tests. Morphological and stereological analyses were performed at T90 using high-resolution light microscopy and designbased stereology. The AMCG conduits revealed nerve fibres regeneration and functional recovery. Functional recovery was observed in both groups with AMCG conduits group showing lower values and a regeneration of median nerves with more myelinated fibres with the same axon size, but thinner myelin than the autograft group. Though the autograft remains the gold standard to restore wide nerve gaps, the AMCG conduit has proved to be effective in enabling nerve regeneration through a critical rat's nerve gap of 15 mm. These findings empirically support the great clinical results obtained using AMCG conduit to restore traumatic nerve's gap from 3 to 6 cm of mixed forearm nerves.
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Introduction
Peripheral nerve injury remains a significant clinical challenge in reconstructive microsurgery because it is a relatively common consequence of trauma, diseases, or tumour surgery. Several million people suffer from serious, traumatic, peripheral nerve injuries each year and, despite more than a century of research, the outcome of peripheral nerve repair is often poor especially in the patients where a nerve gap was done [1] .
We described for the first time, in a previous article, the good clinical results of the use of Amnion Muscle Combined Graft (AMCG) conduits in peripheral nerves gap repair. It consists in the combination of the human amniotic membrane (HAM) conduit with autologous skeletal muscle fibres harvested in the site of the nerve lesion [2] .
The great results obtained using AMCG have to be due to the following biological characteristics of human amniotic membrane: Pluripotency of amnion-derived cells, anti-inflammatory and low immunogenic characteristics of amniotic membrane / amnion-derived cells, nontumorigenicity and no ethical problems with usage [3] . In addiction the amnion is rich with collagen, laminin, fibronectin, and other basement membrane components that, as Davis et al. in 1987 showed, could promote the regeneration of neurons both in vitro and in vivo [4, 5] .
The purpose of this report is to evaluate the final outcome of nerve regeneration, both morphologically and functionally, across the AMCG in comparison with nerve autograft that still is the gold standard of nerve gap reconstruction [6] [7] [8] [9] .
Materials and methods
The in vivo study was performed under European and Italian Law on animal experimentation. The used policies and procedures were in agreement with those detailed by 86/ 609/CEE directive. Fourteen male Wistar rats, aged from 12-14 months, (340 ± 60 g/BW) were used (Experimental Animal Models for Aging Units Research Department, I.N. R.C.A. / I.R.R.C.S., Ancona, Italy). The rats were inbred, therefore they could be considered genetically identical. The animals were divided into two groups.
In Group A, that included 6 rats, the left forelimb was treated performing a 1.5 cm length gap on median nerve that was reconstructed by means of a reverse autograft of median nerve meanwhile the right forelimb was treated by resecting the median nerve and polling the proximal stump inside the pectoralis major muscle.
In Group B, that included 8 rats, the left forelimb was treated performing a 1.5 cm length gap on the median nerve that was then reconstructed by means of AMCG; meanwhile the right forelimb was treated resecting the median nerve and polling the proximal stump inside the pectoralis major muscle as in group A.
Each animal was kept in a single cage at controlled temperature and humidity, with water and food ad libitum.
Surgical procedure and sample preparation
The animals were anesthetized with a ketamine (40 mg/ Kg) and xylazine (5 mg/kg) intramuscular injection and placed prone on a warm pad. After trichotomy, under clean condition, a bilateral cutaneous longitudinal skin incision from axilla to the elbow was performed, on both forelimbs to approach the median nerve ( Figs. 1 and 2 ). The median nerve of the left forelimb of the rat was approached from the axillary region to the elbow and under operative microscope (at 40× magnification), the median nerve was than carefully exposed from its origin at brachial plexus to the elbow (Fig.  3) . Then we performed a 1.5 cm gap on the median nerve thus resecting the median nerve 3 mm proximal to the elbow end 1.5 cm proximal to the first cut, at the level of the pectoralis major muscle (Fig. 4) . Distal edge of the resected nerve's segment was marked before resection.
In group A the nerve's gap was immediately repaired by using the same resected nerve segment up side down as a nerve graft. It was sutured by means of two epineurial stiches of 9-0 monofilament nylon, with its distal edge, marked, on the proximal stump of the median nerve and by means of other two epineurial stiches of 9-0 monofilament nylon (Sharpoint AA-0105 HRM4n1/2 circle 150°M.E.T. 100 micron) between proximal stump of the nerve's fragment and the distal edge of the median nerve.
In group B the nerve's gap was reconstructed using AMCG technique. It consists of a dry amnion tube containing a muscle strip. The Human Tissue Bank of Treviso ONLUS, supplied us with the freeze dried Amniotic Membrane Patch with the approval of its ethical committee.
To obtain this conduit after rehydrating with sterile saline solution a rectangular piece of dry amnion, long 1.5 cm and width enough to create a tube of the same section of the proximal stump of the median nerve ( Fig. 5) , we rolled up the amnion sheet around a strip of skeletal muscle that was taken from the pectoralis major muscle taking care to respect the longitudinal course of the muscle's fibres (Fig.  6 ). The fragments of muscle were previously washed with saline solution to carefully remove the residues of blood. The amnion sheets are oriented with the fetal shiny surface that would be directed toward the inner surface of the finished tube. The AMCG conduit was carefully secured to the distal and proximal stumps of the nerve with two 9/0 (Fig. 7) .
In both the two groups, to prevent interferences with the grasping test device due to the use of the contralateral forelimb, the median nerve of the right forelimb was dissected for 2 cm and transected at the distal third of the brachium, 3 mm proximal to the elbow; its proximal stump was than pulled inside the pectoralis major muscle, without stretching the nerve, and sutured in the pectoralis major muscle to avoid spontaneous reinnervation by means of one stich of 9-0 monofilament nylon (Sharpoint AA-0105 HRM4n1/2 circle 150°M.E.T. 100 micron) (Figs. 8 and 9 ).
An antibiotic therapy with 75 mg/Kg of oxytetracycline per day for 6 days and Carprofen 0.4 mg/kg every 12 h for the first day was administered starting immediately after surgery.
Functional evaluation
Functional results were evaluated at 30, 60 and 90 days post-operatively, performing grasping test (GT) sessions according to the technique described by Bertelli JA and Mira JC in 1995 [10] and modified by Papalia et al. in 2003 [11] .
Morphological and stereological analysis
At the end of the follow-up period, after 90 days, animals were sacrificed by anesthetic surplus and median nerves harvested. During the collection of the sample any scar formation around the nerve graft and AMCG conduit was clinically evaluated and scored by using a scale ranging from 0 (no scar) to 4 (extensive scarring) (Fig. 10) .
The experimental sites were dissected and full thickness sample of the median nerve was collected including 3 mm of the median nerve proximal and distal to the graft (Figs. Fig. 6 Amniotic membrane conduit filed with a longitudinal strip of pectoralis major muscle Fig. 7 Viewed of the AMCG conduit done at the end of its wrapping Fig. 8 Rat's right forelimb, distal median nerve stump isolated and ready to by pulled inside pectoralis major muscle Fig. 9 Rat's right forelimb median nerve pulled and sutured inside the pectoralis major muscle to avoid contralateral regeneration marked with a single stitch before the specimen was fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 5-6 h at 4°C. The samples were then post-fixed in 2% osmium tetroxide for 2 h and dehydrated in passages in ethanol from 30 to 100%. After two passages of 7 min in propylene oxide and 1 h in a 1:1 mixture of propylene oxide and Glauerts' mixture of resins, the samples were embedded in Glauerts' mixture of resins (made of equal parts of Araldite M and the Araldite Harter, HY 964). In the resin mixture, 0.5% of the plasticizer dibutylphthalate was added. For the final step, 2% of accelerator 964 was added to the resin in order to promote the polymerization of the embedding mixture.
Semi-thin sections (2.5 µm thick) were cut using an Ultracut UCT ultramicrotome (Leica Microsystems,Wetzlar, Germany) and stained with 1% Toluidine blue for high resolution light microscopy examination and design-based stereology. A DM4000B microscope equipped with a DFC320 digital camera and an IM50 image manager system (Leica Microsystems, Wetzlar, Germany) was used for section analysis.
In order to quantify myelinated nerve fibres with high resolution light microscopy, one toluidine blue stained semi-thin section was selected and the total cross-sectional area of the whole nerve was measured. 13-15 sampling fields were selected using a systematic random sampling protocol, as previously described [12, 13] . In each sampling field, a two dimensional dissector procedure was adopted [13] . The mean total fibre number, fibre and axon diameter, myelin thickness and g-ratio were then estimated.
Statistical analysis
Statistical analysis was performed using SPSS software (New York, NY, USA). All data (functional and stereological analysis) were statistically analysed using the t-test.
Results
All rats survived up to the final follow-up assessment, no sign of auto mutilations was observed.The mean value of the scar evaluation was 2 in both group B and C, ranging from 1 to 3. Figures 13a-d shows representative images of regenerating nerves 90 days after surgery. Both the distal part of the median nerve repaired with the autograft technique (Figs. 13a, b) and the distal part of the median nerve repaired with AMCG (Figs. 13c, d ) presented vessels and myelinated regenerating fibres with the classical fasciculate organization. Figure 14 shows graphs representing functional and stereological analysis. Functional recovery, evaluated using grasping test 30, 60 and 90 days after surgery, was observed in both groups (Fig. 14a) , even if AMCG group showed significantly (p ≤ 0.05) lower values (T30 = 4 ± 7.7; T60 = 92 ± 12.6; T90 = 113 ± 24) that autograft group (T30 = 122 ± 81.4; T60 = 208 ± 62.57; T90 = 233 ± 47.3) throughout the post-operative period. Moreover, the (Fig. 14b ) (24977 ± 5324) with the same axon size (Fig. 14c ) (2.32 ± 0.12 μm), but significantly (p ≤ 0.05) thinner myelin (Fig. 14d) (0.37 ± 0.02 μm) than autograft group (number of fibers: 10160 ± 8013; axon size: 2.58 ± 0.26 μm; myelin thickness: 0.58 ± 0.07 μm). These values lead to have significantly (p ≤ 0.05) smaller myelinated nerve fibres (Fig. 14e ) (3.07 ± 0.15 μm vs. 3.74 ± 0.31 μm of autograft group) and a significantly (p ≤ 0.05) higher g-ratio (Fig. 14f) in the AMCG group (0.75 ± 0.01 μm vs. 0.66 ± 0.04 μm of autograft group).
Discussion
Several techniques for repairing peripheral nerves after severe injuries have been developed and different types of conduits have been experimentally examined for reconstruction of peripheral nerve defects and extensive research continues to focus on the conduit enrichment to support axonal regeneration [2, 4, 6, 8, 9, [14] [15] [16] [17] [18] [19] [20] . Literature suggest that the ideal nerve conduit, for successful nerve regeneration, should be biocompatible with the surrounding nerve tissues, causing minimal tissue inflammatory reaction; they should stimulate axonal regeneration through its entire length and they should biodegrade as the nerve regenerates. In addition to its biochemical role, each nerve conduit would also benefit from certain mechanical features: that it should be easily manufactured, readily available, semiflexible, and easily manipulated in the surgical setting [4, 16, 17, [20] [21] [22] [23] . But also if the conduit responses to all these features, like muscle vein combined conduit [24, 25] , the main limitation of nerve regeneration inside conduits remains the distance between the stumps that may be bridged. As the distance increases, exceeding 3 cm length, regeneration and functional outcome decrease and eventually fail [9, 14, 26] . For this reason still now the autologous nerve graft is considered the gold standard technique to reconstruct nerve's gap longer than 3 cm.
In rats, the limiting distance, at which an empty conduit cannot sustain regeneration is considered 15 mm. For example with silicon tubes it was demonstrated that no axons reached the distal segment in a 15 mm defect, whereas axons readily crossed a gap up to 10 mm. Then, the success of regeneration when using empty artificial nerves conduits is limited by the length of the gap (less than 15 mm in the rat) [8, 27] . In this study, we have investigated the capability of AMCG to sustain axonal regeneration when used to repair a critical 15 mm gap resection of the median nerve in rats, compared with autograft.
AMCG is a conduit that consists in the combination of the human amniotic membrane conduit filled with autologous skeletal muscle fibers with a longitudinal course inside the tube.
Our results showed that AMCG used for repairing a rat median nerve enables nerve fibres regeneration and functional recovery. Despite the recovery is significantly different from autograft technique, it could be considered a great result considering that we are using a long conduit (1.5 cm). In fact despite the autograft group showed less myelinated fibers than AMCG group, the functional test results showed a better and faster recovery in this group. This statement confirms the superiority of autologous nerve graft in the reconstruction of wide mixed nerve's gap compared to all type of nerve tube showed in literature; this is due to a more specific and selective guide to the muscle reinnervation offered by the autologous nerve's graft. Nonetheless, unlike the other types of nerve conduits, the AMCG-thanks to its regenerative capacity-is able to offer a functional recovery in case of wide mixed nerve's gap, differently from other conduits which fail to restore functions. This ability of the AMCG conduit could be explained by a rapid and more specific axons regeneration due to the stimulatory effects of the important unique biochemical components of the amnion (i.e., collagen, laminin, and fibronectin). They not only perform as powerful neurite-promoting factors, they also provide directional guidance to the growing axons by offering an adhesive substrate to outgrowing nerve sprouts [2, 4, 5, [28] [29] [30] .
In addition, the amnion tube can become fully vascularized and consequently supply oxygen and other nutrients to nerve cells within the conduit, whereas nerve autograft involves disconnecting the graft from its blood supply, and the silicone tube failed to produce an adequate vascularization [4] .
This technique shares with the muscle in vein technique the important biological advantages given by muscle fibres that it avoids conduit's collapse, promotes axonal regeneration and Schwann cell migration by means of basal lamina scaffolds and that muscle fibres and Schwann cells share a common autotrophic loop based on the neuregulin/ ErbB receptor signaling pathway [14, [31] [32] [33] . But in addition to this three important biological elements our techniques add the regenerative role of the amnion membrane. 
Conclusions
Though the autograft remains the gold standard treatment to restore wide nerve gap, the AMCG conduit has proved to be effective in allowing nerve regeneration through a critical rat's nerve gap of 15 mm. These findings support, with an experimental observation, the great clinical results obtained using AMCG conduit to restore traumatic nerve's gap wide from 3 to 6 cm of mixed, motor and sensitive, forearm nerves that we previously published [2] confirming the great regenerative value of amniotic membrane.
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